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Abstract
This report aims on CFD simulation of the open test section of the aeroacoustic wind-
tunnel Braunschweig. The presented work ist conducted within the GARTEUR Action
Group 50 “Effect of wind tunnel shear layers on aeroacoustic measurements”. Special
emphasis is spent on the grid generation process with respect to the grid sensitivity
of the open jet shear layer. The sensitivities in general are evaluated within a two di-
mensional study of reduced complexity. The findings of this study are referred to the
three dimensional testsetup consisting of the anechoic test section equipped with the
DLR reference noise source. Two different approaches for the three dimensional grid
generation are depicted. The recieved simulation data is validated with experimental
data with respect to the velocity distribution inside the open jet shear layer.
Zusammenfassung
Dieser Bericht fasst Arbeiten zur CFD Simulation der offenen Messtrecke des
Aeroakustischen Windkanals Braunschweig zusammen. Durchgefu¨hrt werden die Ar-
beiten im Rahmen der GARTEUR Action Group 50 “Effect of wind tunnel shear lay-
ers on aeroacoustic measurements”. Besondere Beachtung erfa¨hrt die Erzeugung der
Rechengitter. Insbesondere wird der Einfluss des Gitterauflo¨sung auf die sich entwick-
elnde Scherschicht untersucht. Dazu wird eine Sensitivita¨tsstudie an einer zweidi-
mensionalen, vereinfachten Geometrie durchgefu¨hrt. Die so gewonnenen Ergebnisse
werden auf den dreidimensionalen Testfall bestehend aus der offenen Messtrecke mit
installierter DLR Referenzschallquelle u¨bertragen. Es werden insgesamt zwei unter-
schiedliche Verfahren der Netzgenerierung am dreidimensionalen Testfall erla¨utert.
Abschließende werden die erhaltenen Simulationsdaten mit experimentell ermittelten
Geschwindigkeitsverteilungen der Scherschicht validiert.
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1 Nomenclature
AWB aeroacoustic windtunnel Braunschweig
DLR Deutsches Zentrum fuer Luft- und Raumfahrt, German Aerospace Centre
IMS initial marching step −
n number of layers −
q growth ratio −
Rex local Reynoldsnumer [−]
tNF thickness of nearfield mesh m
w/t wind tunnel
y wall distance / coordinate m
y+ dimensionless wall distance −
∆y width of nozzle exit (0.8 m) m
∆z hight of nozzle exit (1.2 m) m
ρ density kg
m3
τw wall shear stress Nm2
µT wall friction velocity ms
ν kinematic viscosity m
2
s
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2 Introduction
The GARTEUR Action Group 50 “Effect of wind tunnel shear layers on aeroacous-
tic measurements” is dedicated to researching the effect of wind tunnel shear layers
on aeroacoustic measurements. Since aeroacoustic measurements are generally con-
ducted in anechoic open test sections, the sound emitted by the investigated object
has to pass through the open jet shear layer before the sound arrives at the out of
flow microphones. This causes refraction, spectral broadening and loss of coherence.
These effects depend on several parameters like Mach number, frequency, the geomet-
rical setup and the positions of investigated object and observer as well. The effects
of the open jet shear layer on the registered sound signal hamper the interpretation of
aeroacoustic measurements substantially and are presently only partially understood.
Therefore the goal of the established GARTEUR Action Group 50 is to enhance the
understanding of the mentioned effects on aeroacoustic measurements.
The Transport Aircraft branch of the DLR Institute of Aerodynamic and Flow Technol-
ogy located in Braunschweig, Germany contributes high quality CFD simulations that
suit as input for high fidelity CAA computations conducted by the Technical Acoustic
branch of the DLR Institute of Aerodynamic and Flow Technology. Concerning the
CFD computations depicted in this report special efford is spent on the correct sim-
ulation of the open jet shear layer. Therefore a preliminary two-dimensional study
is conducted to gain insight into the sensitivity of shear layer flow and the resolu-
tion of the computational grid. The findings of this preliminary study are used for a
three-dimensional analysis of the empty test section of the Aeroacoustic Windtunnel
Braunschweig (AWB) as well as for the test section equipped with the DLR reference
noise source. The aerodynamic simulations are validated with velocity data obtained
by experiments.
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3 Definition of the Testcases
The investigated geometrical setup consists of the DLR-reference noise source installed
in the aeroacoustic test facility AWB in Braunschweig, Germany. The AWB (Aeroacous-
tic Wind Tunnel Braunschweig) offers an anechoic open test section. The nozzle exit
is rectangular and measures ∆y = 0.8 m in the width and ∆z = 1.2 m in the height.
As maximum free stream velocity u∞ = 65 m/s can be obtained. Figure 3.1 shows the
complete facility, its close loop construction and the embedded open test section.
Figure 3.1: AWB test facility
As the numerical effort is too big to simulate the complete closed loop, the geometry is
broken down into the components shown in figure 3.2. The figure shows the idealized
anechoic test section in brown, the nozzle (orange) and its settling chamber (yellow) as
well as the collector in blue and the mounted reference noise source.
The reference noise source shown in figure 3.3 consits of a electrodynamic driven rib-
bon speaker that is mounted inside an aerodynamic fairing. The speaker emits tones
omni-directional in its center plane within a frequency range from 2 kHz to 65 kHz.
5
6Figure 3.2: AWB open test section equipped with DLR reference noise source, 3d equipped
testcase
Figure 3.3: reference noise source
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The fairing-speaker unit is mounted on a bended arm as shown in figure 3.4. Figures
3.4 and 3.5 show the two different positions of the reference noise source that are in-
vestigated. The middle axis of the speaker coincidences with the wind tunnel axis.
Distances x1 = 0.5 m and x2 = 1.0 m are measured between the emission plane of the
speaker and the nozzle exit plane.
Figure 3.4: x1 = 0.5m Figure 3.5: x2 = 1.0m
During the investigations a right-handed coordinate system is used. Its origin coin-
cides with the intersection of the wind tunnel axis and the nozzle exit plane. The
x-axis is positive orientated with the flow direction. The z-axis points upwards while
the y-axis is positive orientated to the left when looking downstream. For the prelim-
inary two dimensional study (see section 5) the xz-plane of the three dimensional w/t
geometry is extracted.
124-2013/1

4 Numerical Method
Due to the fact that the flowfield investigated is supposed to be turbulent and therefore
irregular in space and time and to the fact that the resolution of all those different scales
is not feasible for technical applications, the influence of turbulence on the mean flow
is modelled within RANS (Reynolds Averaged Navier-Stokes) simulations.
The numerical calculations of the flowfield of the testcases are conducted with the DLR
TAU code [1] [2]. TAU is a three-dimensional, compressible, time accurate Reynolds-
averaged Navier Stokes solver. Its development originates from the German CFD
project MEGAFLOW and is continued by DLR. While its continuous development
TAU consolidates the development work of DLR, aircraft industry and universities.
In order to enhance the memory efficiency and flexibility of the code in types of grid
elements, a so-called edge-based data structure is employed. This dual-grid approach
is used to allow for computations on grids being independent of the cell types of the
initial grid. The viscous shear layer near walls can be solved by making use of the
advantages of hybrid grids. TAU can be used either in cell-vertex or cell-centered for-
mulation. The spatial discretization with either upwind or central schemes is based
on a finite volume formulation. The temporal discretization may either be carried
out with an explicit Runge-Kutta scheme or with an implicit Lower-Upper Symmet-
ric Gauss-Seidel (LU-SGS) scheme. Several state-of-the-art convergence acceleration
techniques such as local time stepping, residual smoothing, multigrid and MPI based
parallelization are available. Different turbulence models of varying fidelity, ranging
from standard one-equation models to Reynolds stress models, are implemented in
TAU. To ensure a high quality of the obtained results it has to be ensured, that the used
turbulence model works correctly and the used computational grids are of good qual-
ity and of useful resolution. Today, TAU is routinely used in the European aeronautical
industry for external aerodynamics.
In the presented case, TAU is used in its cell-vertex formulation and all simulations
are carried out using a Jameson-based central scheme [3] for the spatial discretization
and the Runge-Kutta scheme for the temporal discretization. As the CFD results are
used as input for CAA computations, a two-equation turbulence model has to be used.
As there are several two-equation turbulence models implemented in TAU, the recom-
mendation ist to use the Menter k-ω-model with SST correction [4]. The experience
with this model shows an often improved separation prediction besides an improved
shock position compared to other two-equation models. k-ω-models are calibrated
with the logarithmic velocity profile of a boundary layer on a flat plate (see H. Schlicht-
ing [5]). In order to ensure the correct behavior of the turbulence model near walls, it
is necessary to resolve the velocity profile of the viscous sublayer. Therefore the di-
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mensionless distance of the wall nearest point in the computational grid has to yield
y+ ≈ 1.
As a correct simulation of the open jet shear layer is strived, special effort on grid gen-
eration is spend to achieve the correct simulation of the boundary layer at the nozzle
exit and therefore a correct behavior of the open jet shear layer developing out of the
nozzle exit plane. To gain insight into the sensitivity of the open jet shear layer accord-
ing to grid effects, a preliminary two-dimensional study is conducted with the aim to
apply the achieved preception on the full three-dimensional setup.
Every testcase is computed using the same ambient conditions:
• w/t speed at P1 = (0, 0, 0): v∞ = 60.0 m/s
• reference pressure p∞ = 1.013 bar
• reference density ρ∞ = 1.225 kg/m3
• reference temperature T∞ = 288.15 K
4.1 Tunnel Flow Calibration
To ensure a fixed and reproducible w/t setting by means of w/t speed, two regulating
mechanisms are used. The w/t speed in the simulated testcases is achieved similar to
the measurement system used in the real wind tunnel. The desired w/t speed is given
as input value in m
s
at a certain measurement point. For the described simulations
this point is set to P1 = (0 m, 0 m, 0 m, ) and coincidences with the center of the nozzle
exit plane. As described in section 3, the position of the reference noise source differs.
Since the flow speed does not increase after the nozzle exit plane, the used location
of P1 ensures that the desired w/t speed at the noise source position of v∞ = 60.0 m/s
is achieved nearly independently from distance between noise source and nozzle exit
plane. The regulation mechanism sets a pressure on the inlet boundary condition ac-
cording to the measured velocity at P1. In case of a lower w/t speed the pressure at
the inlet boundary is increased and vice versa. This coupling is performed in every
numerical iteration. Figure 4.1 shows the location of the measurement point P1 as well
as the inlet boundary.
The second regulation mechanism is depicted in figure 4.2. This mechnism ensures
a realistic development of the boundary layer inside the w/t nozzle. This is impor-
tant due to the fact that the boundary layer of the nozzle significantly influences the
open jet shear layer. Figure 4.2 shows the position of the second measurement point
P2 = (−3.4 m, 0 m, 0 m). It is located on the w/t axis at the position of the nozzle in-
let plane. According to the measured pressure at P2 the pressure at the ring suction
boundary is set every numerical iteration. This ensures that the development of the
boundary layer inside the nozzle starts right at the investigted geometry and not in-
side the settling chamber (see figure 3.2). Figure 4.3 shows an enlarged view of the
ring suction boundary. This boundary surrounds the complete nozzle and behaves as
outlet boundary condition.
124-2013/1
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Figure 4.1: regulation mechanism for w/t speed
Figure 4.2: regulation mechanism for ring
suction boundary
Figure 4.3: detailed view of ring suction
boundary
To ensure the conservation of mass inside the computational domain the fluid that
does not exit through the ring suction boundary drains of through the exit plane of the
collector.
124-2013/1

5 Preliminary two-dimensional Study
The preliminary two-dimensional study is conducted to gain insight into the sensitiv-
ities of open jet shear layer flow to grid quality and resolution. As geometrical input
serves the xz-plane of the empty test section of the AWB.
5.1 Two-dimensional mesh generation
The mesh generation for the investigated two dimensional geometry is done with the
commercial grid generation suite CENTAUR by Centaursoft [6]. This software pack-
age is widely used within the DLR institute of aerdynmic and flow technology. The
nearfield mesh on geometrical features that are marked as viscous boundary consist
of quadrilaterals while the rest of the computational area is discretized with triangles.
As mentioned in section 4, the resolution of the boundary layer inside the nozzle in-
fluences the development of the open jet shear layer significantly. Therefore the mesh
generation mechanism should be depicted here in some detail. The resolution of the
nearfield mesh is influenced by the discretization of the lines that form the geome-
try and by the parameters that control the growth of the quadrilateral layers on the
boundaries considered to be viscous, meaning not neglecting friction. The points on
the geometry forming lines are distributed in a way that the disctretization of the line
matches its local slope. The quadrilateral layer growth is controlled by the parameters
“initial marching step” (IMS), “growth ratio” (q) and “number of layers” (n) via a
geometric series given by
tNF = IMS · 1− q
n
1− q . (5.1)
As explained in section 4, the dimensionless distance of the wall nearest point in the
computational grid has to yield y+ ≈ 1. Since y+ is dimensionless, it has to be trans-
ferred into a dimensioned value for the mesh generation process. As y+ is defined
as
y+ =
y · µT
ν
, (5.2)
the value IMS for a given y+ = 1 can be obtained with the definitions of the wall
friction velocity µT , the wall shear stress τw and the friction coefficient cf . Those are
defined as:
13
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µT =
√
τw
ρ
(5.3)
τw =
1
2
ρv2∞cf (5.4)
cf =
0.455
(logRex)
2.58 . (5.5)
The local Reynoldsnumber Rex in equation 5.5 is built with a characteristical length of
the investigated object. As this characteristical lenght differs between the investigated
objects a unique resolution of the nearfield is needed for every object. The thickness
of the boundary layer that has to be resolved by the nearfield mesh is estimated with
the assumption that the investigated boundary layers do not significantly differ from
those on flat plates. On a flat the development of the thickness of a turbulent boundary
layer obeys
δturb =
0.37x
5
√
Rex
. (5.6)
As equation 5.5, this eqaution 5.6 depends only on the characteristical length x, if the
flow conditions are kept constant. Every further estimation is based on the assump-
tions for a turbulent boundary layer on a flat plate without any pressure gradient (see
[5]). To ensure that the more complex boundary layer of the investigated object is cap-
tured by the nearfield mesh, a safty margin of 2 is introduced.
To gain insight into the grid sensitivity of the two dimensional testcase three different
configurations of nearfield meshes are generated and investigated. As the resolution
of the nearfield mesh is only influenced by the control parameters of the quadrilateral
layer growth as described above, the meshes can be considered as similar in all other
regions.
Configuration I considers two different characteristical lengths, one for the nozzle and
one for the collector. The two different characteristical lengths are measured along
the geometrical slope. Configuration II takes the distance between nozzle exitplane
and collector inlet plane as characteristical length for the generation of the nearfield
mesh. As configuration II, the configuration III considers only one length as well. The
characteristical length for configuration III is obtained via the height and width of the
nozzle exit. This length is the characteristical length that a Reynoldsnumber for an
open test section would be built with and is defined as
xIII = 0.1 ·
√
∆y ·∆z. (5.7)
Table 5.1 lists the growth parameters for the different investigated nearfield meshes.
The influence of the different settings of growth parameters are depicted in figures 5.1
to 5.6 at the area of nozzle exit and collector entry. At first sight the huge difference in
the thickness of the nearfiled mesh is remarkable.
For the configuratinons I and III some kind of pullback in concave regions or at sharp
corners is observed. The mesh generator varies the stretching ratio q of the quadri-
124-2013/1
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configuration I configuration II configuration III
nozzle collector
x 4.0 m 6.0 m 3.7 m 0.098 m
Rex 16.5 · 106 25.0 · 106 15.2 · 106 0.40 · 106
δturb 0.053 m 0.073 m 0.050 m 0.003 m
tNF 0.106 m 0.147 m 0.100 m 0.006 m
IMS 6.507 · 10−6 m 6.651 · 10−6 m 5.722 · 10−6 m 4.715 · 10−6 m
q 1.25 1.25 1.2235 1.25
n 38 39 40 26
Table 5.1: Growth parameters for quadrilateral nearfield meshes
Figure 5.1: nozzle exit, configuration I Figure 5.2: collector entry, configuration I
Figure 5.3: nozzle exit, configuration II Figure 5.4: collector entry, configuration II
lateral growth within a certain margin, to obtain a smoother final quadrilateral layer.
This is necessary to obtain a smooth transition to the adjacent triangle mesh.
124-2013/1
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Figure 5.5: nozzle exit, configuration III Figure 5.6: collector entry, configuration III
5.2 Two-dimensional simulation results
The figures 5.7 to 5.9 depict the development of the averaged density residual, the
turbulent kinetic energy (k) and the isotropic dissipation rate (ω) over the iteration
cycles for all three mesh configurations. It can be stated that all computations are
well converged with respect to the values mentioned above. The convergence after
20000 iteration cycles for mesh configuration I is better than that for the other two
configurations, as there are no wiggles or ozillations left in the depicted curves for
desitiy residual, k and ω.
Despite the development of density residual, k and ω the slopes of mass flow and pres-
sure for the different inlet and outlet boundaries are used as a criteria for the numer-
ical convergence. The development of the massflow through the different boundaries
is shown in figures 5.10 to 5.12. All three configurations converge towards the same
values for the different boundaries “inlet”, “outlet” and “ring suction” (see chapter 4.1
for details). In contrast to configuration I and II the curves for configuration III show
small oszillations in the massflow for in- and outlet boundaries. As the behaviour of
the massflow is directly coupled to the pressure, the slopes of pressure over the itera-
tion cycles reveal no additional information concerning the convergence characteristic
of the conducted simulations.
The figure 5.13 depicts the distribution of the dimensionless wall distance y+ as defined
in eqation 5.2 for the wall nearest grid point. The dotted lines show the values of y+
for the lower part (z < 0 m) of the geometry while the solid lines correspond to the
upper part (z > 0 m) of the investigated geometry. For all three investigated mesh
configurations can be stated that y ≈ 1, despite some small regions inside the nozzle
for configurations I and II where y+ exeeds the value of 1. These regions correspond
with the regions of the highest pressure loss and therefore the highest accelleration
inside the nozzle. Figure 5.14 depicts the pressure distribution along the w/t axis for
all three configurations.
124-2013/1
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Figure 5.13: values for y+ along two dimensional AWB geometry, solid lines for parts with
z > 0m, dottet lines for parts with z < 0m
Figure 5.14: pressure along w/t axis
The biggest accelleration of the fluid takes place between x = −2.5 m and x = 1.0 m.
This corresponds to the region where y+ exeeds the desired value of 1. Due to the
accelleration the thickness of the boundary layer is reduced and therefore the thickness
of the viscous sublayer which causes an increase in y+ if the first cell hight is kept
constant.
Despite the correct values for y+, the computational grid should be able to capture
124-2013/1
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the whole boundary layer within the nearfield mesh, which quadrilateral elements are
of higher quality than the triangle mesh. It is obvious, that if the target velocity of
v∞ = 60.0 m/s is attained inside the nearfield mesh, that the whole boundary layer is
captured. The figures 5.15 to 5.17 show velocity profiles extracted normal to the lower
nozzle surface at a distance x = −0.3 m upstream the nozzle exit plane.
For configuration I and II the boundary layer is well captured by the nearfield mesh,
while the point at which v∞ = 60.0 m/s is obtained lies inside the triangle mesh. The
comparison of figure 5.15 with figure 5.16 reveals a smoother transition by means of
velocity in x-direction between the quadrilateral and triangle mesh for configuration I.
The mesh configuration III does not capture the boundary layer. This fact points to a
non-correct development of the shear layer at the nozzle exit.
The distribution of the velocity in x direction of the open jet is shown in figures 5.18
to 5.20. The velocity distributions for configurations I and II look much alike. Smaller
flow features are well captured with both meshing approaches as well as a smooth and
reasonable jet flow. For configuration III a more inhomogenous flowfield is obtained.
If the flowfield of configuration III is compared to those of I and II, it can be stated that
not even the gross flow topology looks alike.
5.3 Two-dimensional simulation conclusion
At first sight all three meshing approaches lead to valid meshes to compute the flow-
field of an open jet. A second investigation of the obtained results with respect to the
three different approaches shows that even without validation with experimental data
an evaluation concerning mesh quality can be drawn. It can be stated, that configu-
ration III is not able to capture the necessary flowfeatures to gain a physical correct
boundary layer at the nozzle exit plane and therefore a corrct development of the open
jet shear layer. As configuration I and II do not differ much in the obtained results, a
small drawback of configuration II can be seen in the wavy x-velocity distribution at
the transition between nearfield and adjacent grid. The approach I is technical correct
as every part of the investigated geometry develops its own boundary layer on its sur-
face. Therefore it seems to be the feasible meshing approach for the three dimensional
setup.
124-2013/1
20
Figure
5.15:
x-velocity
norm
alto
low
er
noz-
zle
surface
at
x
=
−
0
.3
m
,configuration
I
Figure
5.16:
x-velocity
norm
alto
low
er
noz-
zle
surface
at
x
=
−
0.3
m
,configuration
II
Figure
5.17:
x-velocity
norm
alto
low
er
noz-
zle
surface
at
x
=
−
0.3
m
,configuration
III
Figure
5.18:
x-velocity
inside
the
AW
B
test
section,configuration
I
Figure
5.19:
x-velocity
inside
the
AW
B
test
section,configuration
II
Figure
5.20:
x-velocity
inside
the
AW
B
test
section,configuration
III
124-2013/1
6 Computation of three dimensional
Setup
As the previous chapter 5 draws as conclusion, the proper meshing approach for the
three dimensional setup as shown in chapter 3 is the one according to configuration
I. The essential idea behind meshing configuration I, is to build a nearfield mesh for
every investigated component according to its characteristical length. Table 5.1 lists
the values for the components nozzle and collector, while the reference noise source
is missing. Table 6.1 is a complete exposition of all values needed for the three di-
mensional nearfield mesh generation. All listed values are derived according to the
procedure shown in section 5.1.
nozzle collector reference noise source
x 4.0 m 6.0 m 0.8 m
Rex 16.5 · 106 25.0 · 106 3.3 · 106
δturb 0.053 m 0.073 m 0.015 m
tNF 0.106 m 0.147 m 0.029 m
IMS 6.507 · 10−6 m 6.651 · 10−6 m 5.722 · 10−6 m
q 1.25 1.25 1.25
n 38 39 33
Table 6.1: Growth parameters for prismatic nearfield mesh for three dimensional testcase ac-
cording to configuration I
The following setion shows two approaches to mesh the three dimensional setup.
6.1 Three-dimensional mesh generation
6.1.1 Unstructured approach
The grids for the preliminary study shown in chapter 5 are generated with the com-
mercial grid generation suite CENTAUR by Centaursoft. The drawn conclusions in
section 5.3 make it obvious to transfer the findings from two dimensinonal setup to the
three dimensional testcases. A common strategy to create a mesh on a three dimen-
sional geometry is to discretize the surfaces with triangles which size correspond to
the geomeric slope. The nearfield mesh is obtained in analogy to the two dimensional
mesh. Since the nearfield mesh grows from a triangulated surface the three dimen-
21
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sional nearfield mesh consists of prisms while the remaining part of the computational
domain is filled with tetrahedra. According to the increase of complexity from two
dimensions to three dimensions the complexity for the prismatic growth process in-
creases. Figures 5.1 and 5.2 show the effect of pullback for concave regions in the two
dimensional geometry. The higher geometrical compexity increases these effects as
shown in figures 6.1 to 6.5.
Figure 6.1: final prism layer for three dimensional testcase with reference noise source at
x = 0.5m
Figure 6.2: detail of nozzle exit Figure 6.3: detail of nozzle upper left corner,
mesh of final prism layer
Figure 6.4: cut through prismatic nearfield
mesh at y = 0.0m
Figure 6.5: detail of nozzle exit, cut at y =
0.0m
Figure 6.1 shows the final prism layer and therefore the slope of the thickness of the
nearfield mesh. This surface is coloured according to the number of grown prismatic
124-2013/1
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layers, while green colour occurs in regions with reduced number of prismatic layers.
In those regions where the number of prismatic layers is reduced or the pullback effect
is intense, the needed nearfield mesh thickness as reveald after the method shown in
section 5.1 is not available. This results in a mesh of bad qualtiy with respect to resolve
the boundary layer. In figure 6.2 and 6.3 the upper left (in streamwise direction) corner
is zoomed in. Section 5.2 points out, that especially the grid resolution at the nozzle
exit is essential for the development of the open jet shear layer. The figures 6.2 and
6.3 as well as figures 6.4 and 6.5 indicate, that the good boundary layer resolution as
obtained in the two dimensional case cannot be reproduced with the given approach.
It can be stated that on one hand the meshing approach according to configuration I is
the most feasible with respect to boundary layer resolution and therefore for the devel-
opment of the open jet shear layer. And on the other hand, that the unstructured three
dimensional mesh generator CENTAUR is not able to produce a mesh with compara-
ble quality with respect to the two dimensional testcase. Therefore it becomes obvious,
that a different strategy has to be developed to gain a three dimensional mesh with
comparable quality to the two dimensional mesh configuration I.
6.1.2 Hexahedron-dominant approach
One possible approach is a structured grid for the complete nozzle and collector. This
guarantees complete control of the nearfield mesh in complex regions like the nozzle
exit or the rectangular corners inside the nozzle and collector. Despite the fact, that a
hexahedral mesh offers a better quality, it is unfortunatly more complex to generate
a complete structured grid for complex three dimensional geometries. Therefore the
chimera grid techique for overlapping grids is used in the present case.
The Chimera technique for overset grids provides the capability to perform compu-
tations with overlapping grids. This capability avoids a remeshing if components of
the geometrical setup are changed in position during the simulation. A deeper insight
into the Chimera funcionality of the DLR TAU-code is given in Madrane [7], [8]. In the
present case this technique is used to facilitate the gridding of the equipped test section
in a way, that the AWB geometry is embedded in a background mesh while the refer-
ence noise source belongs to its own grid block. This approach simplifies the geometry
in a way that the nozzle and collector can be meshed with a grid that is dominated by
structured hexahedras. Figures 6.6 to 6.8 depict this so called background mesh. The
background mesh is generated with the commercial grid generation software POINT-
WISE developed by Pointwise [9].
Figure 6.6 shows, that besides the nozzle and collector the area of the possible open jet
flow field is gridded with hexahedrons while the rest of the computational domain is
filled with tetrahedras. The figures 6.7 and 6.8 depict a detailed view into the area of
the nozzle exit. It can be seen that the structured grid has the capability to discretise the
geometry and boundary layer as it is necessary to compute the physical behaviour of
the boundary layer inside the nozzle and therefore the developing open jet shear layer.
The structured grid overcomes the difficulties of an unstructured prism growth as the
required thickness of the nearfield mesh is available at every part of the geometry.
As said above, the reference noise source is embedded in its own grid block. Figures
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Figure 6.6: hexahedral-dominated grid of AWB empty test section
Figure 6.7: detailed view of nozzle exit Figure 6.8: detailed view of upper left corner
of nozzle exit
6.9 and 6.10 show this grid block. To generate a hybrid, quad-dominant surface and
hexahedral-dominant near-wall grid the SOLAR grid generation software is applied.
This software package was developed in a collaboration of BAE Systems, QinetiQ and
ARA (see Leatham [10] and Martineau [11]). Despite the fact, that SOLAR discretises
the surfaces of a geometry with quadrilaterals there is no major difference between the
grid generation process in comparison with CENTAUR as described above.
To embed the grid block of the reference noise source into the background grid of the
AWB and to ensure that a the computational grid remains valid, some points in the
background mesh have to be blanked out. The blanked area in the background mesh
has to be smaller in every direction compared to the grid block that is embedded. This
approach implies that a certain amound of cells will overlap. This region is used to in-
terpolate between the background grid and the embedded grid block. The figures 6.11
to 6.13 visualize this process. Figure 6.11 shows the outer faces of the embedded grid
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Figure 6.9: grid block of reference noise
source genearted by SOLAR
Figure 6.10: detailed view of surface mesh
on reference noise source
Figure 6.11: outer dimen-
sions of the embedded grid
block within the background
mesh
Figure 6.12: dimensions of
hole definition geometry with
respect to embedded grid
block
Figure 6.13: reference noise
source within the hole defini-
tion geometry
block in red colour. In figure 6.12 the dimensions of the blanked area inside the back-
ground mesh is depicted. It can be noticed, that the blanked area in green colour ist
smaller than the outer dimensions of the embedded grid block. The volume between
the so called hole definition geometry in green colour and the red box of the embed-
ded grid is used to interpolated between the two grid blocks. The distance between
the hole definition geometry and the body of the reference noise source is sufficient to
guarantee that no interpolation has to be performed within the nearfield mesh of the
reference noise source (see figure 6.13).
As explained in chapter 3 there are two different positions of the reference noise source
inside the test section of the AWB to investigate. The overlapping grid approach allows
for translation of the reference noise source without any modification of the embedded
grid block or the backround mesh. This advantage ensures a very good comparability
between the two testcases as the influence of diffenrences in computational grids can
be neglected.
6.2 Results of the three dimensional simulations
This section focusses on the simulation results of the three dimensional testcases. The
first testcase is the empty AWB test section. For this case the simulation is conducted
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with the background mesh, that is used for the follwing two testcases with equipped
test section.
6.2.1 Empty test section
In correlation to the depicted behaviour concerning convergence in section 5.2 the de-
velopment of the pressure for in- and outlet boundaries is shown in figure 6.14. For
every boundary condition the pressure converges aganist one discrete value, despite
some oscillations around these discrete values. Those oscillations might occure as con-
sequence of the discrepanciy if unsteady physics are simulated with a solver that is
steady in time. Although these oscillations occure the simulation is treated as con-
verged.
Figure 6.14: convergence of pressure at in- and outlet boundaries
The figure 6.15 shows several cuts through the flowfield of the empty test section, ve-
locitiy vx ≤ 6.0 m/s is blanked. Black lines in figure 6.15 mark the open jet shear layer
defined by velocities vx = 6.0 m/s and vx = 60.0 m/s. The cut at position x = 0.05 m
directly behind the nozzle exit reveals a almost rectangular jet. The contours of small
velocity against to the rectangular jet accure due to large scale but slow vortices in the
acoustic plenum next to the open jet. A closer look at the cut at x = 0.05 m displays
small vortices in the corners of the nozzle. The good resolution of these vortices is
caused by the structured mesh in this area. A unstructured mesh is not able to resolve
those vortices due to the lack of mesh quality in these areas as depiceted in figure 6.1
(see also Ciobaca et al.[12]). With progression in x-direction the vortices dissipate, the
open jet shear layer broadens and the rectangular shape of the open jet develops in a
rounded shape. The different cuts in figure 6.15 show an devolping unsymmetry to-
wards the collector entry. The outer boundary of the open jet becomes wavy towards
the collector entry. This waviness decreases through the shear layer that the outer
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boundary of the shear layer stays smooth. In addtion to the waviness a bulge in the
streamwise lower left corner of the open jet develops.
Figure 6.15: velocity in x-direction at different planes x = const.
Figure 6.16 shows the velocity distribution along the w/t axis. At first sight the ve-
locity in x-direction shows a small overshoot with respect to the reference velocity of
v∞ = 60.0 m/s. Inside the nozzle the velocity in x-direction shows the expected ac-
celeration caused by the contraction of the nozzle. Between nozzle exit and collector
entry only small oscillations are observed. Behind the collector entry plane the flow
decelerates due to friction losses. The velocity in y-direction shows only minor oscilla-
tions around vy = 0.0 m/s. Despite these small oscillations it has to be asserted, that the
flowfield inside the nozzle is already unsymmetric with respect to vy. The gradients
and oscillations increase towards and inside the collector. With respect to velocity in
z-direction a similar behaviour but with smaller magnitudes can be observed.
Figure 6.17 depicts large areas of seperated flow in the funnel of the collector. The
aerodynamically poor performance of the collector funnel causes an unsteady flow-
field that propagates disturbances upstream the collector entry. Together with the un-
symmtries inside the flowfield of the nozzle this fact leads to the revealed oscillations
in the open jet and the lack of convergence as depicted above.
The figure 6.18 shows extracted velocity profiles of the open jet shear layer. These pro-
files are extracted in the horizontal plane of the AWB with z = 0.0 m. The choosen
positions correspond to the investigated positions in section 6.2.2. In spite of the un-
symmetries depicted in the sections above, figure 6.18 reveals only negligible diffen-
rences between the velocity distributions as well as the shear layer thicknesses between
the left and the right side of the open jet. This observation corresponds to the results
depicted in figure 6.15 for the cuts at x = 0.9 m and x = 1.2 m as these cuts reveal only
small deviations between left and right compared to cuts further downstream.
In figure 6.19 the velocity distribution in x-direction is depicted for a horizontal plane
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Figure 6.16: velocity distributions along the w/t-axis
Figure 6.17: distribution of friction coefficient on surface of collector funnel
that yields z = 0.0 m. The corresponding picture based on experimental data shows fig-
ure 6.20. The experiental data are obtained by seven-hole-probe measurements ([13],
see also [12]). The figures reveal the included angles of the open jet shear layer mea-
sured against the lip line as well. The jagged boundary of the shear layer obtained in
the experimental results are caused by a lack of spatial discretisation of the datapoints
at which the velocity is measured by a seven hole probe. At first sight no major dif-
ferences in the depicted flowfield can be recognized. The included angle of lip line
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Figure 6.18: comparison of velocity profiles extracted through the left and right shear layer at
z = 0m
and the almost static flowfield outside the open jet is marginal larger (≈ 0.5◦) than that
obtained in the simulations. A more detailed view gives figure 6.21.
In figure 6.21 extracted velocity profiles according to figure 6.18 are shown. The con-
tinuous lines depict the velocity profiles for different poitions in x direction obtained
by CFD simulations while the symbols in corresponding colours show the measured
velocity in x-direction.
The veloctiy profiles reveal the same overshoot in velocity for the open jet as shown by
figure 6.16 and discussed above. As figure 6.20 the figure 6.21 reveal a larger broad-
ening of the open jet shear layer. The greater included angle of figure 6.20 effects an
offset of about 0.04 m in the velocity profiles. As this offset accounts approximatly 1%
of the length of the open test section the obtained simulation results coincidence very
Figure 6.19: velocity in x-direction in a plane z = 0m based on simulation data
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Figure 6.20: velocity in x-direction in a plane z = 0m based on experimental data
Figure 6.21: comparison of simulation and experimental data (symbols)
well with the conducted experiments.
6.2.2 Equipped test section
The pictures in figure 6.22 show the convergence behaviour of the two testcases with
the reference noise source installed in the open test section of the AWB. The left picture
shows the graphs for testcase with x1 = 0.5 m while the right picture does for x2 =
1.0 m (see section 3). As for the empty test section (see figure 6.14) the pressure for the
different inlet and outlet boundaries converge towards discrete values, despite some
minor oscillations. In the right picture of figure 6.22 the development of inlet pressure
for the last 10000 iteration cycles is shown. It reveals that the w/t velocity regulator (see
section 4.1) varies the w/t inlet pressure within a range of 3.0 N/m2. That implies that
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Figure 6.22: convergence of pressure at in- and outlet boundaries for testcase x1 = 0.5m left
and testcase x2 = 1.0m right
the w/t flowfield does not experience major changes and therefore is fully developed.
As this fact yields for both investigated testcases, the simulations can be treated as
converged.
According to figure 6.15 the figures 6.23 and 6.24 depict cuts through the open jet and
its shear layer. The major difference between the empty and the equipped testcases is
the wake of the referene noise source. The flowfield direct downstream the nozzle exit
plane at x = 0.05 m for the testcase with reference noise source at x2 = 1.0 m is almost
identical to the empty testcase. The equipped testcase does not show the flowfeatures
of the slow large scale vortices next to the open jet inside the anechoic chamber at
x = 0.05 m. This is due to the mounting of the reference noise source with its arm and
mounting plate. As the size of the contours in figure 6.15 is very small, it needs just
small differences in the geometrical setup to let them disappear for that specific cut
through the flowfield.
The cut at x = 0.05 m for the reference noise source at x1 = 0.5 m reveals a small
upstream effect of the reverence noise source due to its replacement effect on the open
jet. A comparison of the cut at x = 0.30 m between figures 6.15 and 6.24 shows almost
no difference. With increasing x-coordinate the influence of the wake of the reference
noise source on the open jet become visible. If one compares the cuts at x = 0.6 m and
x = 0.9 m between all three testcases, the shape of the open jet shear layer appears to
be almost identical, even the mentioned development of a bulk (see section 6.2.1) can
be observed. After that consideration it can be stated that the aerodynamic fairing of
the speaker works as expected as it has nearly no aerodynamic influence on the open
jet and its shear layer.
The figures 6.25 show the positive and negative values of the friction coefficient inside
the funnel of the collector according to figure 6.17. Compared with the empty test sec-
tion in figure 6.17 the mainly separated flow inside the funnel remains the same. The
different locations of the reference noise source within the open test section show no in-
fluence of the characteristics of the funnel flow. In spite if some minor differences in the
corners of the funnel it can be stated, that the flowfield inside the collector is unsteady
in time and propagates disturbances upstream, as it does for the empty testcase.
As it was done for the empty testsection, in the figures 6.26 and 6.27 the extracted ve-
124-2013/1
32
Figure 6.23: velocity in x-direction at different planes x = const. for testcase x1 = 0.5m
Figure 6.24: velocity in x-direction at different planes x = const. for testcase x2 = 1.0m
locity profiles for a horizontal plane inside the open test section are shown. Figures
6.26 and 6.27 do not show major differences between the velocity distribution between
the left and the right open jet shear layer if evaluated speartly. If the velocity profiles
are compared between the different positions of the reference noise source, a slightly
larger displacement can be observed according to the reference noise source located
further downsrem for the figure 6.27. The focus inside the red frame reveals this phe-
nomena. In general these statements correlate with the data shown in the figures 6.23
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Figure 6.25: distribution of friction coefficient on surface of collector funnel for testcase x1 =
0.5m left and testcase x2 = 1.0m right
and 6.24, but figures 6.23 and 6.24 do not come up with that detailed information.
Figure 6.26: comparison of velocity profiles extracted through the left and right shear layer at
z = 0m for testcase x1 = 0.5m
The figures 6.28 and 6.29 show the plane view of the open jet shear layer. Com-
pared with the shear layer that develops inside the empty test section (see figure 6.19),
slightly larger including angles can be observed for the equipped testcases, but there
are no differences in including angles for the two different positions of the reference
noise source. If one compares the outer boundaries of the shear layer (marked by black
lines in figures 6.19, 6.28 and 6.29), it can be observed that these boundaries are not
as straight for the equipped testcases as they are for the empty one. This is caused by
the displacement of the reference noise source as it inserts gradients perpendicular to
the incoming free stream. The jet is broadened by the reference noise source and nar-
rows down after it passed it. This movements in y-direction cause also the more wavy
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Figure 6.27: comparison of velocity profiles extracted through the left and right shear layer at
z = 0m for testcase x2 = 1.0m
boundaries of the shear layer for the equipped test cases.
The comparison of CFD results with experimental data is depicted in figure 6.30. The
experimental data is obained via hot-wire measurements ([14], see Hellmold [15]). As
well as for the empty testcase, the free stream velocity in the CFD simulation does not
match the one obtained in the experiments. In contrast to the empty test case, the free
stream velocity in the CFD results is too small for the equipped testcase. Despite the
velocity offset in the opposite direction, the offset in the velocity profiles of 0.04[m]
remains the same for the euipped test section as for the empty test section (see figure
6.21.
Figure 6.28: velocity in x-direction in a plane z = 0m for testcase x1 = 0.5m
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Figure 6.29: velocity in x-direction in a plane z = 0m for testcase x2 = 1.0m
Figure 6.30: comparison of simulation and experimental data (symbols)
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7 Conclusion
The GARTEUR Action Group 50 “Effect of wind tunnel shear layers on aeroacous-
tic measurements” is dedicated to researching the effect of wind tunnel shear layers
on aeroacoustic measurements. The transport aircraft branch contributes high fidelity
CFD simulations to be used as input for CAA computations. As testcase the open test
section of the aeroacoustic windtunnel Braunschweig is chosen. All CFD simulations
are carried out with the DLR TAU-code. As the development of the open jet shear
layer in the open test section is highly dependent on the correct development of the
boundary layer at the exit plane of the w/t nozzle, special efford is spend for the grid
generation process. To gain insight into the sensitivities of the shear layer on grid res-
olution, a preliminary two-dimensional study is conducted. As the resolution of the
nearfield mesh only depends on charateristical lengths of the different geometrical fea-
tures, this preliminary study concludes with the hint to generate one nearfield mesh
per geometrical feature. After the two-dimensional investigations, the findings are
transferred to the three dimensional testcase. The first grid generation approch with
the grid generation software suite Centaur does not lead to a mesh with comparable
quality as gained in the two dimensional testcase. Therefore a different strategy is cho-
sen, utilizing the Chimera functionality for overlapping grids that is implemented in
the DLR Tau-code. The AWB geometry is ebmedded into an highly hexahedron dom-
inated grid block, generated by Pointwise grid generation software. In this grid block
the grid block containing the DLR reference noise source is embedded. The grid block
of the reference noise source is generated with the Solar grid generation software. The
simulation of the empty, as well as the equipped testcases, converge very well towards
a almost steady state. As the obtained simulation data are validated with experimental
data by means of velocity distributions, it can be stated that the DLR Tau-code is able
to simulate the correct development of an open jet shear layer. The small differences
between experimental and simulated data are negligible small.
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